Several pathogenic strains of Escherichia coli exploit type III secretion to inject ''effector proteins'' into human cells, which then subvert eukaryotic cell biology to the bacterium's advantage. We have exploited bioinformatics and experimental approaches to establish that the effector repertoire in the Sakai strain of enterohemorrhagic E. coli (EHEC) O157:H7 is much larger than previously thought. Homology searches led to the identification of >60 putative effector genes. Thirteen of these were judged to be likely pseudogenes, whereas 49 were judged to be potentially functional. In total, 39 proteins were confirmed experimentally as effectors: 31 through proteomics and 28 through translocation assays. At the protein level, the EHEC effector sequences fall into >20 families. The largest family, the NleG family, contains 14 members in the Sakai strain alone. EHEC also harbors functional homologs of effectors from plant pathogens (HopPtoH, HopW, AvrA) and from Shigella (OspD, OspE, OspG), and two additional members of the Map͞IpgB family. Genes encoding proven or predicted effectors occur in >20 exchangeable effector loci scattered throughout the chromosome. Crucially, the majority of functional effector genes are encoded by nine exchangeable effector loci that lie within lambdoid prophages. Thus, type III secretion in E. coli is linked to a vast phage ''metagenome,'' acting as a crucible for the evolution of pathogenicity.
bacterial pathogenesis ͉ bacterial protein secretion ͉ bioinformatics ͉ genomics ͉ virulence S tudies on Escherichia coli, and particularly on its relations with bacteriophages, laid the foundations of molecular biology. However, E. coli is more than just a model organism. As a widely distributed commensal, it colonizes organisms as diverse as humans, birds, and reptiles (1, 2) . It is also a fearsome pathogen, causing a range of infections in humans and other animals (3) . This ecological versatility is matched by a remarkable genomic diversity: as much as a quarter of the genome can vary from strain to strain. Bacteriophages account for one major source of diversity (4) . Another is the acquisition of clusters of virulence genes en bloc by horizontal gene transfer, as so-called ''pathogenicity islands'' (5) . Probably the most important pathogenicity island in E. coli is the locus for enterocyte effacement (or LEE). This locus encodes the Esc-Esp type III secretion system, which is crucial to the virulence of the human pathogens, enterohaemorrhagic and enteropathogenic E. coli (EHEC and EPEC). In particular, the LEE-encoded system confers on these bacteria the ability to elicit a characteristic response when applied to enterocytes: the attaching and effacing lesion (6) .
Type III secretion systems (T3SSs) are complex multiprotein assemblages common to many plant and animal pathogens or symbionts that allow bacteria to subvert eukaryotic cell biology by injecting bacterial ''effector proteins'' into the host cell cytoplasm. Given its status as a pathogenicity island, it is tempting to assume that the LEE represents a self-contained unit, containing not only the genes for the secretion and translocation apparatus, but also for all of the effectors that might be secreted through the system. This assumption has been reinforced by the observation that the cloned LEE from EPEC is able to confer the attaching and effacing phenotype on E. coli K-12 and by the discovery and characterization of seven translocated effectors that are encoded within the LEE (7, 8) .
Unlike proteins that are secreted through the Sec pathway, there is no signal peptide or any other known feature of T3SS effectors that can be used to identify them by sequence analysis alone. However, the effector repertoires of even distantly related type III-secreting bacteria often contain homologous proteins, suggesting that homology searches are likely to prove fruitful in finding new effectors (9, 10) . In addition, effector genes, as recent arrivals in a bacterial genome, may exhibit a base composition distinct from the average for their host genome.
Recently, a handful of potential or proven non-LEE-encoded effectors have been identified, chiefly in the mouse pathogen, Citrobacter rodentium, which also harbors a LEE-encoded T3SS (8, 11) . However, drawing on comparisons with other type III secreting organisms, such as the plant pathogen Pseudomonas syringae (12, 13) , we speculated that the repertoire of E. coli effector genes might be much larger than currently recognized and that new effectors might be identified through a systematic genome-wide survey, which had yet to be carried out for any attaching and effacing strain. Because we were keen to examine a genome-sequenced strain with clear pathogenic potential in humans, we chose to investigate the effector repertoire of the RIMD 0509952 strain of EHEC (also known as the ''Sakai strain''), which was responsible for Ͼ9,000 cases and 12 deaths in an outbreak in the Japanese city of Sakai (14, 15) .
Results and Discussion
Prediction of Potential EHEC O157:H7 Effectors. Initially, we exploited a bioinformatics approach to identify potential effectors encoded in the completed genome sequence of the Sakai strain (15) . We performed homology searches with Ͼ300 effectors from type III-secreting organisms, including plant and animal pathogens and symbionts (Table 2 and Data Set 1, which are published as supporting information on the PNAS web site). This approach led to the identification of Ͼ60 putative effector genes in EHEC (Table 3 , which is published as supporting information on the PNAS web site). Comparisons with the original proteincoding query sequences, and with other E. coli genomes suggest that 13 of these are probably pseudogenes, where a longer ancestral coding sequence has been disrupted by truncations and͞or frameshifts that are likely to render any protein product nonfunctional (Table 4 , which is published as supporting information on the PNAS web site). Thus, we conclude that there are 49 candidate effector genes in the Sakai genome that are potentially fully functional.
Experimental Confirmation of Predictions. Next, we sought to confirm our predictions experimentally, using a variety of approaches (Fig. 1) . Initially, we used a proteomics approach to identify type III secreted proteins. In particular, we exploited an EHEC ⌬sepL mutant, which secretes effectors into the culture supernatant at far higher levels than the wild type (11) . In addition, high-level expression of pchA from a multicopy plasmid, which encodes a transcriptional activator of the LEE, was used to enhance the expression of the Esc-Esp T3SS (16) . By comparing the protein secretion profile of the ⌬sepL strain with an isogenic non-type-III-secreting ⌬sepL ⌬escR mutant, we corroborated the status of 31 proteins from the bioinformatics survey as type-III-secreted effectors (Fig. 1) . The presence of the Sakai orthologs of nine proteins already known to be translocated into eukaryotic cells (Map, EspB, EspF, EspG, EspH, EspZ TccP͞EspFu, EspI͞NleA, NleB, and NleE; refs. 17-25)) among our secreted effectors confirms the validity of our approach.
Subsequently, we confirmed the effector status of 28 of our candidates by showing T3SS-dependent translocation of effector fusion proteins into eukaryotic cells from adherent bacteria (Table 1 ). In the first rounds of translocation assays, we used two reporter systems to investigate proteins detected in the proteomics screen: translocation of CyaA-fusion proteins detected by an increase of intracellular cAMP concentration and translocation of FLAG-tagged protein detected by immunofluorescent staining. In later experiments, using a TEM1 ␤-lactamase fusion assay, we detected translocation of several additional candidate effectors, including some that had not been detected in the secretome of the sepL mutant. Taken together, the proteomics approach and the translocation assays confirmed the effector status of 39 EHEC proteins.
At the protein level, the EHEC effector sequences fall into Ͼ20 families (Table 1) . Newly identified effector families were named according to the commonly accepted ''Esp'' (E. coli secreted protein) nomenclature as EspK-R, omitting the names EspP (already used) and EspQ (easily confused with EspO). Many of the effector families can be further divided on tightly defined phylogenetic grounds into two or more subfamilies. We have distinguished these subfamilies through the use of a numerical suffix, following a scheme based on the P. syringae nomenclature for Hrp-dependent effectors (26) ( Table 1 and below). Where there are multiple members in the Sakai strain of a phylogenetically defined subfamily, we have used an additional numerical suffix to distinguish them (e.g., NleG2-1, NleG2-2, etc.). We made two exceptions to the need to define families and subfamilies according to the rules proposed for P. syringae effectors: all effectors with a WEX5F motif were lumped together in the EspY family, whereas all SopA-like effectors were placed in the EspX family.
The NleG Family. The largest effector family encoded by EHEC O157:H7 is the NleG family, with 14 members in the Sakai strain alone, a surprising discovery given that all that was previously BLAST searches with a comprehensive database of known and predicted effector sequences were used to identify 62 candidate effectors in 25 loci within the genome of EHEC O157:H7 Sakai. Using a proteomic approach, 31 candidate effectors were found to be secreted by T3S. Subsequently, three methods for measuring T3S-dependent translocation into eukaryote cells were used to identify 28 translocated effectors. In total, 39 candidate effectors were confirmed experimentally either by proteomics or by translocation assays or both methods. Representative translocation data (including controls) are provided for Cya, TEM1 and FLAG translocation assays. Cya: cAMP levels of Caco-2 cell extracts after infection with wildtype (WT) or escCϪ (T3S negative) E. coli carrying CyaA-effector fusion plasmids (v ϭ vector only); TEM1: HeLa cell fluorescence was observed after infection with WT or escNϪ (T3S negative) E. coli carrying TEM1-effector fusion plasmids. Blue or green fluorescence indicates translocation or no translocation, respectively. known of this family was a short peptide sequence assigned to a type-III-secreted protein from C. rodentium (11) . A TBLASTN search with this peptide sequence against the unfinished C. rodentium genome sequence (www.sanger.ac.uk͞Projects͞ Crodentium) allowed us to identify the full-length proteincoding sequence that encompassed the peptide. Using this full-length sequence, we found many new NleG homologs, including the 14 in the Sakai strain, 13 in EPEC E22, together with additional homologs in Salmonella bongori and C. rodentium. We have shown that the majority of these putative proteins from the Sakai strain are translocated by the LEE-encoded T3SS (Table 1) . It is clear that a remarkable expansion of the nleG gene family has taken place in the EHEC O157:H7 and EPEC E22 lineages, with several gene duplications followed on occasion by disruptions (Fig. 3 , which is published as supporting information on the PNAS web site).
Following the approach adopted by the P. syringae research community (26), we exploited a phylogenetic approach to produce a scalable nomenclature for these proteins (Fig. 4 , which is published as supporting information on the PNAS web site). Considerable sequence divergence is apparent within the protein family, but there is no apparent similarity to any proteins of known function. However, the presence of conserved patches of sequence centred on three kinds of potential active-site residues (His, Cys, Asp) makes it tempting to speculate that this family might be characterized by a conserved but as yet cryptic enzymatic activity (27) (Fig. 3) .
Homologs of Effectors from Plant Pathogens. Several EHEC candidate effectors show homology to T3SS effectors from plant pathogens, strengthening the idea that effectors generally target ancient and conserved aspects of eukaryotic cell biology (28) . Others have already commented on the weak similarity between NleD, HopPtoH, and botulinum toxin, which suggests that these effectors might be zinc metalloproteases (29) . EspW, which we have shown to be translocated, shares 29% identity with the C-terminal domain of HopPmaA͞HopW (Table 3) , a protein of unknown function, identified in a genome-wide functional screen for effectors in P. syringae (30) . EspV encodes a short (60 aa) peptide that shows significant similarity to the AvrA effector from P. syringae (31) (but not to the unrelated but confusingly named AvrA from Salmonella) ( Table 1) . Although ECs1127 appears to be an espV pseudogene in the Sakai strain, longer potentially functional AvrA-like coding sequences are discernable in the genomes of EPEC strains E22 and E110019, C. rodentium, and EHEC O84:H4 bacteriophage BP-4795 (32). ); C-I, ''coli island,'' refers to gene clusters present in some or all E. coli genomes but absent in related species such as S. enterica. § Confirmatory evidence. S, detected in secretome of ⌬sepL mutant; C, translocation detected by using CyaA fusion; F, translocation detected using FLAG tag; B, translocation detected by using ␤-lactamase fusion; H, homologous to known effector but not confirmed by translocation assay; Neg, negative using ␤-lactamase fusion; , predicted pseudogene. ¶ Frame-shift present in EHEC O157:H7 EDL933. Near identical copies in genome (Ͼ95% identity): ECs1994͞ECs2156; ECs1995͞ECs2155; ECs1996͞ECs2154. **Miscalled start codon. CDS length should be 651 nt. † † Not annotated as pseudogene in EHEC O157:H7 Sakai (15). (34) . OspE2 has recently been shown to be required for the maintenance of cell architecture of Shigella-infected cells (35) . We found EspO1-1 to be translocated in all of our assays (Table 1) . Genes corresponding to EspO1-1 and EspO1-2 are present in the genome of EHEC strain EDL933 but have not been recognized in the annotation. Furthermore, homology searches with EspO1-1 revealed additional unannotated members of this family encoded in the genomes of several serovars of Salmonella and in variant LEE clusters from EHEC O103:H2 strain RW1374 and from a rabbit EPEC strain (Fig. 6 , which is published as supporting information on the PNAS web site) (36, 37). NleH1-1 and NleH1-2 are homologs of the OspG protein, a protein kinase that interferes with the NF-B signaling (38) . We have shown that both are translocated by T3S (Table 1) . Both EHEC sequences contain the conserved residues of the three protein kinase catalytic motifs that are implicated in autophosphorylation of OspG (38) (Fig. 7 , which is published as supporting information on the PNAS web site).
A Plethora of Other Effectors. The genome of the Sakai strain encodes easily identifiable homologs of the ''non-LEE encoded'' effectors (NleA-F), recently identified in C. rodentium (11) , and of the seven LEE-encoded effectors (Map, Tir, EspB, EspF, EspG, EspH, and EspZ) (for recent review, see ref. 8). Our results are consistent with previous studies on the secretion and͞or translocation of these effectors, but also provide evidence that NleF is translocated (Table 1) . Intriguingly, we found three NleB homologs encoded within prophages in the EHEC genome, at least once of which (NleB1) appears to be translocated. Similarly, we found two additional members of the Map͞IpgB family (EspM1 and EspM2), both of which are translocated.
We found that EspN, which is type-III-secreted in a sepL mutant, showed sequence similarity to part of cytotoxic necrotizing factor 1 from E. coli (39) . However, this similarity excludes the C-terminal catalytic domain in CNF, suggesting that EspN has a significantly different function. Five of the proteins from the Sakai strain (EspY1-5) possess a N-terminal WEX5F domain that has been linked to type-III secretion and is conserved in several well characterized Salmonella effectors (40, 41) and in putative effectors from Edwardsiella and Sodalis (Fig. 8 , which is published as supporting information on the PNAS web site). Two of these proteins proved positive in translocation assays, although none was detected in the survey of the secreted proteome (Table 1) . Likewise, of the seven SopA͞PipB homologs (EspX1-7) identified in the genome, two (EspX2 and EspX7) were found to be secreted or translocated (Table 1) .
Distribution of Effector Loci. The genes encoding proven or predicted effectors in the Sakai strain occur in over twenty exchangeable effector loci (EELs) scattered throughout the chromosome (Fig. 2) . The EELs fall into three groups: two pathogenicity islands (the LEE and SpLE3), nine EELs within lambdoid prophages (which encode the majority of functional effector genes) and 14 non-phage EELs. There are several distinctive features of the lambdoid prophage EELs: they are always located just downstream of the tail fiber genes, they always contain more than one effector gene (in the extreme case, the Sp9 EEL, there are eight effector genes encoded in a 13-kbp locus) and they stand out from their host phage backbone in possessing an extreme bias toward low GC content (Fig. 2) .
The non-prophage EELs consist chiefly of lineage-specific insertions of one or a few genes. Interestingly, several of the non-prophage-encoded effector genes EELs also occur, often as pseudogenes, in the model strain E. coli K-12, even though it is considered nonpathogenic ( Table 5) . We speculate that these represent ancient phage remnants and͞or encode substrates of a second T3SS, ETT2, which is now defunct in the Sakai strain. The ETT2 secretion locus is distributed in a broad range of E. coli lineages, including K-12, and is thought to have been acquired at a relatively early stage of E. coli diversification (42) . However, we found that at least two non-phage-encoded candidates can be translocated through the LEE-encoded system (EspY1 and EspY4), confirming that they are (at least were) genuine effectors.
Conclusions
Our studies lead to a remarkable increase in the number of known translocated T3S effectors in E. coli and to some striking conclusions. First, through preliminary analyses of other genome-sequenced strains (Table 4) , it is clear that E. coli strains show striking differences in the number, sequence diversity, and strain distribution of T3S effectors. Such differences in effector repertoire are likely to be reflected in differences in host range or other virulence phenotypes. Secondly, genes associated with T3S account for a significant component of the mobile gene pool in E. coli genomes: our calculations show that around a quarter of EHEC genes in the lowest fifth centile of GϩC content are associated with T3S. Furthermore, it appears that the major function of lambdoid prophages in EHEC is to carry type III-secretion effectors, nine of 13 lambdoid prophages in the EHEC genome carry effector genes. When remnants of insertion sequences are excluded, putative or proven effector genes account for all but three of the 64 genes within the passenger compartments (or ''morons''; ref. 43 ) of these nine prophages. In addition, three of the lambdoid prophages also encode pch genes, which regulate gene expression within the LEE (16) . Thus, we conclude that type III secretion in E. coli is connected to a vast phage ''metagenome,'' which acts as crucible for the evolution of pathogenesis in this species.
Materials and Methods
Bioinformatics Search for New Effector Candidates. Over 300 proven or predicted effectors were collated from recent T3S literature (Table 2) , and the peptide sequences were used to search the E. coli O157:H7 Sakai genome and protein sequences using TBLASTN and BLASTP under default conditions (44) . An E value Ͻ1e-05 was chosen as a cutoff value for significance. All newly identified effectors were then subjected to PSI-BLAST searches over the NCBI's NR peptide database to identify more distantly related E. coli Sakai homologs. Pseudogenes were identified on the grounds of partial matches to much longer homologous coding sequences, and where possible, evidence of frame shifts or truncations was gathered by comparing family members at the nucleotide level. The genomic context and GϩC content of all candidate effector genes was examined by using the coliBASE resource (45) . The distribution of effectors in other E. coli genomes was determined by using TBLASTN searches (again with an E value cutoff of Ͻ1e-05) and genome comparisons facilitated by the coliBASE genome comparison tool (45) .
Proteomic Analysis of Proteins in Culture Supernatant. The ⌬sepL mutant (SKI1204) and the ⌬sepL ⌬escR mutant (SKI 1205) of EHEC O157:H7 Sakai (RIMD 0509952) were constructed by using method and plasmids of Datsenko and Wanner (46) . To ensure maximal expression of the LEE, a positive regulator of LEE, PchA, was overexpressed in these strains. To create a pchA-overexpressing plasmid, pGEM-pchA, a DNA fragment corresponding to the pchA gene was synthesized by PCR from the chromosomal DNA of O157:H7 Sakai using specific primers (CACAGGA ATATATCCGTACCC and AGTATGTGT-CACTGGCCTATACGG) and cloned into pGEM-T (Promega). Proteins were harvested from the culture supernatant of EHEC strain SKI1204 (O157:H7 Sakai ⌬sepL)͞pGEM-pchA or SKI 1205 (O157:H7 Sakai ⌬sepL ⌬escR)͞pGEMpchA. Bacteria were grown in Dulbecco's modified Eagle media (DMEM) to 1.2 OD 600 , and the supernatant was separated by centrifugation and filtration. Proteins in the supernatant were precipitated with 6% TCA and dissolved in SDS-sample buffer, then were separated by SDS͞page. The gel was cut in 25 slices, and proteins in each gel slice were identified by using LC-MS͞MS and the EHEC O157:H7 Sakai database as described (47) . Proteins detected in the sample from SKI1204 but absent from the sample from SKI1205 were judged to be candidate effectors and investigated further.
Translocation Assays. Three independent methods based on translational fusion plasmids were used to assay T3S-dependent translocation from E. coli into eukaryotic cells. Fusion plasmids for each gene were constructed from PCR products encompassing the full gene length or approximately the first 300 nt as determined by the E. coli O157:H7 Sakai gene predictions. In all cases, fusion plasmids without DNA inserts produced negative results. T3S-deficient mutants were also tested with each plasmid to ensure that any observed translocation depended on the T3SS. All effector candidates identified by the proteomics and bioinformatics screens were tested in one or more of the translocation assays, with occasional exceptions where there was published evidence confirming effector status (EspF, EspG, EspH, TccP, and NleA), there were difficulties in cloning (ECs1560 and ECs1561), additional bioinformatics analysis suggested that the candidate was a pseudogene, or other members of the same family had already proven positive in a translocation assay (e.g., only seven of the 14 NleG homologs were tested; only ECs1568 was tested from the LRR family, only ECs1567 was tested from the OspE family).
Cya Translocation Assay (48). N-terminal translational fusions of
CyaA to each gene were constructed by using pTB101-cyaA, which encodes the N-terminal part (1-412) of Bordetella pertusis CyaA toxin. The EPEC E. coli strain B171 and an isogenic T3S-negative mutant (⌬escC), each harboring each the cyaAfusion plasmid, were grown in DMEM containing 0.2 mM IPTG to late exponential growth phase and used to infect Caco-2 cells. After incubating for 4 h, cells were washed and incubated in 2.5% perchloric acid for 10 min. Cell extract was obtained by centrifugation and cAMP concentration in the extract was measured by using the cAMP EIA Kit (Cayman Chemical, Ann Arbor, MI).
FLAG-Tagged Translocation Assay (49)
. C-terminal FLAG fusions were constructed with pFLAG-CTC (Sigma, St. Louis, MO). The EHEC O157:H7 Sakai strain and an isogenic T3S-negative mutant (⌬escR) harboring FLAG-fusion plasmids were grown in DMEM containing IPTG for 2 h and used to infect Caco-2 cells. After washing off unattached bacteria, cells were further incubated for 2 h in fresh DMEM then washed and fixed with 4% paraformaldehyde. FLAG-tagged proteins were visualized with anti-FLAG antibody (Sigma) after attachment of Alexa Fuor 484-conjugated anti-mouse antibody (Molecular Probes, Eugene, OR). Nucleus and F-actin were also stained by DAPI and rhodamine-phalloidene, respectively.
␤-Lactamase Translocation Assay (50) . N-terminal translational fusions with TEM-1 ␤-lactamase were constructed by using pCX340 (50) or its Gateway (Invitrogen, Carlsbad, CA) compatible derivative pCX340gw (this study). Enteropathogenic E. coli strain 2348͞69 and an isogenic T3S-negative mutant (⌬escN) harboring the TEM-1 fusion plasmids were grown for 2.5 h in DMEM before being used to infect HeLa or Hep2 cells (1. (26), i.e., subfamily groups share Ͻ0.75 aa diversity and Ͼ0.75 between-group amino acid diversity (as measured by using the Jones-Taylor-Thornton substitution matrix). In exceptional cases, where the between-group diversity was close to the cutoff and more than one distinct clade with low intragroup diversity was apparent, the family was divided (e.g., NleB). Where more than one homolog from the same subfamily exists in the same genome, an additional distinguishing numerical suffix is added. Names are further extended with an apostrophe if the respective CDS are truncated by insertions͞deletions.
Bioinformatics Analysis of G؉C Content and Phage EELs. The percentage GϩC content was calculated for all genes in the Sakai genome, and then genes were sorted by rank order to calculate percentiles. For the purposes of calculation, ''genes associated with T3S'' were taken to include those in the LEE and genes for the non-LEE-encoded effectors described in Table 1 . The lambdoid prophage passenger compartments or morons were defined as those portions of the prophage genomes lying between the last putative tail fiber gene (homologs of ECs0845) and the end of the phage (as defined by genomic comparisons; ref. 15 ). 
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